14 A series of aggressive measures was launched by the Chinese government to reduce 15 pollutant emissions from Beijing and surrounding areas during the Olympic Games. 16 Observations at Miyun, a rural site 100 km downwind of the Beijing urban center, show 17 significant decreases in concentrations of O 3 , CO, NO y , and SO 2 during August 2008, 18 relative to August 2006-2007. The mean daytime mixing ratio of O 3 was lower by about 19 15 ppbv, reduced to 50 ppbv, in August 2008. The relative reductions in daytime SO 2 , CO, 20 and NO y were 61%, 25%, and 21%, respectively. Changes in SO 2 and in species 21 correlations from 2007 to 2008 indicate that emissions of SO 2 , CO, and NO x were 22
reduced at least by 60%, 32%, and 36%, respectively, during the Olympics. Analysis of 23 meteorological conditions and interpretation of observations using a chemical transport 24 model suggest that although the day-to-day variability in ozone is driven mostly by 25 meteorology, the reduction in emissions of ozone precursors associated with the Olympic 26 Games had a significant contribution to the observed decrease in O 3 during August 2008, 27 accounting for 80% of the O 3 reduction for the month as a whole and 45% during the Ozone is produced in the troposphere by photochemical oxidation of carbon 2 monoxide (CO) and volatile organic carbon (VOCs), initiated by reaction with OH in the 3 presence of NO x . In surface air, ozone has an adverse impact on both humans and 4 vegetation (NRC, 1991) . Due to its relatively long lifetime, it can be transported over 5 long distances from source regions, making ozone pollution an issue of global concern. 6 China's rapid economic growth in recent years has resulted in large increases in 7 pollutant emissions (Zhang et al., 2007; Ohara et al., 2007) with important implications 8 for ozone on both regional and global scales. Beijing, China's capital, is one of the 9 world's largest metropolises with a population of over 15 million with a vehicle fleet of 10 more than 3 million. Beijing's air quality problems were characterized historically by 11 high concentrations of particulate matter and sulfur dioxide (Hao and Wang, 2005) . In 12 recent years, due to a rapid increase in vehicular emissions, ozone pollution has drawn 13 increasing attention in Beijing (Hao and Wang, 2005; Wang et al., 2006) , especially in the 14 period leading up to the Summer Olympic Games (August 2008) 15 (http://www.nytimes.com/2007/12/29/world/asia/29china.html). Formulating a successful 16 strategy to address O 3 pollution poses a difficult challenge as a consequence not only for 17 Beijing but also for other regions of the developed and developing world. 18 To improve air quality during the Olympics (8-24 August 2008) and the 19 Paralympics (9-17 September 2008) , the Chinese government implemented a series of 20 aggressive measures to reduce pollutant emissions in Beijing and surrounding areas for 21 more than two months during the time periods of the Olympics and the Paralympics. 22 From 1 July to 20 September 2008, all vehicles that failed to meet the European No. I 23 standards for exhaust emissions (including light-duty and heavy-duty trucks and 24 inefficient personal vehicles) were banned from Beijing's roads. Mandatory restrictions 25 were implemented from 20 July to 20 September for personal vehicles, allowing them on 26 roads only on alternate days depending on license plate numbers (odd-numbered vehicles 27 on odd-numbered days and even-numbered vehicles on even-numbered days). As a result, 28 traffic flows in Beijing urban areas were found to have declined by 22% during the 29 -3 -Olympics (Y. Wu, personal communications). In addition to traffic emission controls, 1 other area and point sources in Beijing were placed under strict control during the same 2 period. Power plants in Beijing were required to reduce their emissions by 30% from 3 their levels in June when they had already met the Chinese emission standard. Several 4 heavily-polluting factories were ordered to reduce their operating capacities or to 5 completely shut down during the Games. All construction activities were placed on hold. 6 Since it has been shown that Beijing's air quality problems also have regional causes 7 (Streets et al., 2007; L. Wang et al., 2008) , emission controls on large industrial sources 8 were also applied in surrounding provinces (e.g., Inner Mongolia, Shanxi, Hebei, 9 Shandong) and in the city of Tianjin. Traffic restrictions similar to Beijing's were 10 instituted in Tianjin during the Olympics Games. 11 As a result of these initiatives, one would expect to see significant decreases in 12 emissions of ozone precursors (CO, NO x , and VOCs) and other key pollutants (SO 2 and 13 particulates, for example) in Beijing. Wang et al. [2007] and Cheng et al. [2008] 14 demonstrated that the four-day traffic restrictions in Beijing during the Sino-African 15 Summit in early November 2006 resulted in significant temporary reductions in 16 concentrations of NO x and particulates in the city. Compared with the Sino-African 17 Summit, the emission reductions during the Olympic Games were more aggressive, 18 affecting more than the transportation sector and lasting much longer. The effect on 19 ozone is an important research question as the dependence of O 3 production on NO x and 20 VOCs is significantly different between the so-called NO x -limited regime and the 21 hydrocarbon-limited regimes (Sillman et al., 1990) . Many previous studies investigated 22 the nonlinear O 3 chemistry and challenges of combating O 3 pollution in cities of 23 developed countries (Sillman et al., 1995; Murphy et al., 2006 Murphy et al., , 2007 Harley et al., 2005; 24 Trainer et al., 2000) . Compared with these studies, basic scientific understanding about 25 surface O 3 and precursor emissions in Chinese cities has been minimal. For example, 26 examining the day-of-week variations of O 3 provides a useful methodology to improve 27 understanding of nonlinear ozone chemistry for many western cities and downwind 28 regions (Murphy et al., 2006 (Murphy et al., , 2007 . However, no such 'weekend' effect has been 29 observed for precursor emissions in China (Beirle et al., 2003) , likely due to different 30 -4 -emission patterns related to social-economic factors in China. This suggests that it is 1 essential to study in situ observations of important atmospheric species in China. 2 The present study will focus on the impact of the Olympics emission restrictions on 3 air quality, particularly on surface ozone in the summertime, through analysis of surface 4 observations at a rural site downwind of Beijing. Without a network of multiple 5 observational sites over different parts of Beijing urban area, this study employs 6 long-term, continuous measurements of O 3 , CO, NO y , and SO 2 at a suburban/rural site 7 (Wang et al., 2008b) located directly downwind of the Beijing urban area during summer 8 months. Species correlations at the site will be used to infer 'top-down' constraints on the 9 magnitude of emission restrictions during the Olympics. The nested-grid version of the 10 GEOS-Chem global chemical transport model (Wang et al., 2004a; Chen et al., 2009) 11 will be employed to interpret the observations and to evaluate the reductions in emissions 12 during the Olympics. 13 The emission restrictions associated with the Olympic Games offer an invaluable 14 opportunity to test our understanding of the chemistry and dynamics affecting ozone and 15 its precursors in a major Chinese urban environment. The ability of chemical transport 16 models (CTMs) to reproduce changes in tropospheric ozone arising in response to these 17 emission changes provides an important test of these models. 18 We begin by introducing the Miyun site and the nested-grid GEOS-Chem model. 19 The paper is organized then in two parts. The first is devoted to observational results. 20 Trace gas concentrations and meteorological conditions measured at the Miyun site in 21 August 2008 are compared with observations for Augusts of the two preceding years, 22 demonstrating significant decreases in O 3 , CO, NO y , and SO 2 during August 2008. We 23 show that the reduction in pollution levels during the Olympics, far exceeding the 24 magnitude attributed to year-to-year changes in meteorology, reflects most a response to 25 the emission reductions. Using species concentrations and their correlations observed at 26 Miyun, quantitative estimates are derived for the magnitude of emission reductions for 27 SO 2 , CO, and NO x during the Olympics employing a 'top-down' approach independent of 28 any modeling or bottom-up information. The latter part of the paper focuses on a 29 model-based analysis. The extent to which the 'top-down' estimates of emission 30 -5 -reductions improves the performance of the model in simulating the observations at 1 Miyun provides an independent evaluation of the observational analysis conducted in the 2 first part of the paper. Model sensitivity analysis is used to differentiate quantitatively 3 between meteorology-and emission-driven changes in ozone during the Olympics. The 4 impact of the emission reductions of O 3 at a regional scale is also predicted by the model. 5 Concluding remarks are presented in Section 5. The NO y and SO 2 instruments are outlined here. The NO y mixing ratio is measured by the 2 chemiluminescence method (Thermo Environmental Instruments 42C-Y). Sample air is 3 drawn first into an inlet 6 m above the ground and then split into two parallel channels. 4 The NO y channel uses a heated molybdenum converter to reduce all forms of NOy to NO. 5 The catalyst is preceded by as short a section of Teflon tubing as practical to minimize 6 loss of HNO 3 and other surface active compounds on tubing walls before they reach the 0.01 hPa. The lowest 2 km is resolved into 14 layers with midpoints at altitudes of 70, 28 200, 330, 460, 600, 740, 875, 1015, 1157, 1301, 1447, 1594, 1770, 2000 resolution of the GEOS-5 data over the nested regional domain. For the present study, the 7 nested domain is set at 70°E-150°E and 11°S-55°N and includes all of China, its 8 neighboring countries, and a significant portion of the northwestern Pacific (Wang et al., 9 2004a; Wang et al., 2004b; Chen et al., 2009) . The high-resolution regional simulation is 10 coupled dynamically to the low-resolution global model through lateral boundary 11 conditions that are updated every three hours. As summarized in the introduction, some emission-reduction measures started 6 later than others, although all were in place during the time period of the Olympics (8 -7 24 August, 2008). Therefore, in order to evaluate the aggregate effects of the 8 emission-reduction policies, most of the analysis below will focus on pollutant 9 concentrations for August 2008. We showed in a previous study that O 3 peaks in June at 10 Miyun and that mean daytime O 3 in August is on average 10 ppbv lower than that in June 11 (Wang et al., 2008) . Other observations for Beijing have shown similar seasonal patterns 12 in surface O 3 (Ding et al., 2007; Lin et al., 2008) . To minimize the compounding effects Figure 3a and 3b), with both representing polluted air masses from urban areas to the 2 south of the site. Therefore, we conclude that there were no significant changes in the 3 characteristics of air masses associated with the prevailing winds arriving at the site over 4 Augusts of the three years. 5 Temperature and relative humidity (RH) are two key meteorological parameters 6 measured at the site. Temperature controls key chemical reactions. RH is an indicator of 7 water vapor content in the air with respect to saturation levels. It is closely associated 8 with weather patterns. RH is typically higher on cloudy and precipitation days than on 9 sunny conditions. As cloudiness and precipitation are unfavorable for photochemical 10 production of ozone at the surface, RH tends to be negatively correlated with O 3 (Davis   11   et al., 1999; Elminir, 2005) . Our prior study (Wang et al., 2008b) We showed in a previous study that optically thick clouds associated with summer 6 monsoonal rainfall have a significant radiative impact on O 3 at Miyun (Wang et al., 2008) . represents random variations in the chemical lifetime and transport time of SO 2 at Miyun. 10 We found that the mean ratio in SO 2 (weighted by the frequency of the meteorology 11 classes in Figure 6 ) was 40% and the variance in SO 2 lifetime was 10%, representing the 12 uncertainty in our estimate of emission reductions. We estimated therefore that during the 13 Olympics period (i.e. August 2008), SO 2 emissions in Beijing were reduced by 60% 14 (±10% uncertainty) compared with the same month the year earlier. 15 We caution that this approach does not take into account the affect of changing obtained with the reduced major axis (RMA) method that allows for uncertainty in both 5 variables (Hirsch and Gilroy, 1984) . The three species are positively correlated at Miyun, 6 suggesting that they originate from co-located sources. The enhancement ratios between 7 two species (e.g., dCO/dSO 2 ), derived from the slope of the regression line, provide 8 useful constraints on their emission ratios. Since the Miyun site is somewhat removed 9 from fresh urban emissions, the enhancement ratios measured at the site will be affected 10 also by differences in lifetimes between the species. In the following analysis, focusing 
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In this section, we first evaluate the performance of the nested-grid GEOS-Chem in 22 simulating the changes in O 3 and other species observed at Miyun during the Olympics. 23 The model will evaluate the top-down emissions and simulate the impact of emission 24 reductions on the regional atmosphere. Model sensitivity analysis was conducted to evaluate the relative contribution to air 6 quality improvements in Beijing during the Olympics of local versus regional emission 7 restrictions. We found that 80% of the concentration decreases simulated at Miyun during 8 the Olympics resulted from a reduction in emissions from Beijing, with regional emission 9 reductions accounting for an additional 20% decrease. the meteorology-driven anomaly is regarded to be the emission-driven anomaly. anomaly has significant day-to-day variations, ranging from -40 ppb to +40 ppb. In 15 contrast, the emission-driven anomaly is always negative, ranging from -20 ppb to -5 ppb, 16 confirming the benefit of emission restrictions in reducing O 3 pollution over Beijing 17 regardless of meteorological conditions. Compared with the meteorology-driven anomaly, 18 the variability in the emission-driven anomaly is much smaller. The good temporal 19 correlation between the meteorology-related and the composite anomaly indicates that the 20 anomaly on individual days is mostly driven by meteorology. Table 2 summarizes mean   21 anomalies for different days in August 2008. The large positive meteorology anomaly 22 during the first week of August (+25 ppb) indicates that high O 3 levels during this period 23 were largely meteorology driven, when the atmosphere was stagnant with weak 24 southwesterly winds and high temperature. Although the emission-driven anomaly (-11 25 ppb) cannot fully compensate for the meteorology-driven anomaly during this period, it 26 reduces the composite anomaly (+14 ppb) to 60% of the meteorology anomaly, 27 suggesting the benefit of reducing emissions of O 3 precursors during polluted days. 28 During the Olympics (8 August -24 August), both the meteorology-driven and 29 emission-driven anomalies are negative, averaging -12 ppb and -10 ppb respectively. The 30 -20 -meteorology-driven anomaly appears to account for a slightly larger fraction (55%) of the 1 composite anomaly than the emission-driven anomaly (45%) during this period. However, 2 the difference between the two anomalies is only 2 ppb, within typical error bounds of 3 chemical transport models for O 3 simulation. Averaged for the whole of August 2008, 4 however, the mean emission-driven anomaly is -8.9 ppb, accounting for 80% of the 5 composite anomaly and larger than the meteorology-driven anomaly (-2.3 ppb) by a 6 factor of 4. We conclude that although the day-to-day variability in ozone is driven 7 mostly by meteorology, the reduction in emissions of ozone precursors associated with 8 the Olympic Games is responsible for at least half of the observed decrease in O 3 during 9 August 2008. Atmos. Chem. Phys., 8, 1-13, 2008. 34 Elminir, HK, Dependence of urban air pollutants on meteorology, Science of the total 35 environment, 350, 225-237, 2005 36 Hao, J. M., and L. T. Wang, Improving urban air quality in China: Beijing case study, J.
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